Type III secretion systems (T3SS) are widely used by Gram-negative bacteria to assemble flagella required for locomotion and to transport virulence effectors into eukaryotic cells [1] . The central component of these systems is the Type III secretion apparatus, which consists of a group of integral membrane proteins and three soluble proteins include a T3SS associated ATPase. Powered by proton motive force and ATP, the secretion apparatus plays essential role in substrates recognition and export. However, the structure and function of the intact secretion apparatus remain poorly understood at the molecular level.
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In this study, the Lyme disease spirochete Borrelia burgdorferi was chosen as the model system [2] to study the molecular architecture of the export apparatus (Figure 1 ), because a) the T3SS genes are highly conserved among spirochetes and other bacterial species, b) its small cell diameter (< 0.3 μm) and multiple motors located at cell tips make it ideal for in situ structural analysis, and c) a novel genetic method is available to construct specific inframe deletion of any T3SS genes without the polar effect on downstream gene expression [3] . We constructed deletion mutants of every membrane protein in the Type III secretion apparatus of B. burgdorferi, and then determined their motor structures by using high-throughput cryo-electron tomography and sub-tomogram averaging [4] .
Frozen-hydrated bacterial cultures were imaged at -170° C using a 300kV electron microscope equipped with a field emission gun and a 16 megapixel CCD camera. Using the FEI "batch tomography" program, low-dose, single-axis tilt series were collected from each cell with a cumulative dose of ~100 e -/Å 2 . Tilt series were then aligned and reconstructed to generate 3-D cryo-tomograms by using a combination of IMOD [5] and RAPTOR [6] . In total, 223,015 images and ~2700 tomographic reconstructions were generated. One representative tomogram from ∆flhA mutant is shown in Figure 2 . More than 10,000 subvolumes of flagellar motors were extracted to determine three-dimensional structures of the flagellar motors in different mutants by sub-tomogram averaging [4] .
Comparative structural analysis and molecular modeling reveal the first overall architecture of the secretion apparatus and the protein-protein interactions with unprecedented detail. This study represents a comprehensive approach toward understanding the fascinating and complex secretion apparatus in bacteria [7] . 
